Viral infection can dramatically alter a cell's transcriptome. However, these changes 8 have mostly been studied by bulk measurements on many cells. Here we use single-cell mRNA 9 sequencing to examine the transcriptional consequences of influenza virus infection. We find 10 extremely wide cell-to-cell variation in production of viral gene transcripts -viral transcripts 11 compose less than a percent of total mRNA in many infected cells, but a few cells derive over half 12 their mRNA from virus. Some infected cells fail to express at least one viral gene, and this gene 13 absence partially explains variation in viral transcriptional load. Despite variation in total viral load, 14 the relative abundances of viral mRNAs are fairly consistent across infected cells. Activation of 15 innate immune pathways is rare, but some cellular genes co-vary in abundance with the amount of 16 viral mRNA. Overall, our results highlight the complexity of viral infection at the level of single cells. 17 18 42 48 specific viral genes, and such gene absence explains some but certainly not all of the cell-to-cell 49 heterogeneity. A variety of cellular genes, including ones involved in the oxidative-stress response, 50 co-vary with viral transcriptional load. Overall, our work demonstrates remarkable heterogeneity in 51 the transcriptional outcome of influenza virus infection among nominally identical cells infected 52 with a relatively pure population of virions. 53
Introduction
Viruses can cause massive and rapid changes in a cell's transcriptome as they churn out viral mRNAs 20 and hijack cellular machinery. For instance, cells infected with influenza virus at high multiplicity 21 of infection (MOI) express an average of 50,000 to 100,000 viral mRNAs per cell, corresponding 22 to 5 to 25% of all cellular mRNA (Hatada et al., 1989) . Infection (Heldt et al., 2015) . 34 In the case of influenza virus infection, targeted measurements of specific proteins or RNAs 35 have shed light on some factors that contribute to cell-to-cell heterogeneity. The influenza virus 36 genome consists of eight negative-sense RNA segments, and many infected cells fail to express 37 one more of these RNAs ( For the single-cell mRNA sequencing, A549 cells were infected with an equal mixture of wild-type and synonymously barcoded virus. Immediately prior to collection, cells were physically separated into droplets and cDNA libraries were generated containing the indicated barcodes. The libraries were deep sequenced, and the data processed to create a matrix that gives the number of molecules of each transcript observed in each cell. Infected cells were further annotated by whether their viral mRNAs derived from wild-type virus, synonymously barcoded virus, or both. association among them in individual infected cells. 43 Here we use single-cell mRNA sequencing to quantify the levels of all cellular and viral mRNAs 44 in cells infected with influenza virus at low MOI. We find extremely large variation in the amount 45 of viral mRNA expressed in individual cells. Both co-infection and activation of innate-immune 46 pathways are rare in our low-MOI infections, and do not appear to be the major drivers of cell- 47 to-cell heterogeneity in viral transcriptional load. Individual infected cells often fail to express quantify the number of molecules of each mRNA species that have been captured for each cell. 63 Infected cells will express viral as well as cellular mRNAs -however the cell barcodes and UMIs 64 cannot distinguish whether a cell was initially infected by one or multiple viral particles. We therefore 65 engineered an influenza virus (strain A/WSN/1933) that additionally carried viral barcodes consisting 66 of synonymous mutations near the 3' end of each transcript ( Figure 1A ). Critically, these synonymous 67 mutations did not greatly impact viral growth kinetics ( Figure 1B ). We infected A549 human lung 68 carcinoma cells with an equal mix of the wild-type and synonymously barcoded viruses. Cells 69 infected by a single virion will exclusively express mRNAs from either wild-type or synonymously 70 barcoded virus, whereas cells that are co-infected with multiple virions will often express mRNAs 71 from both the wild-type and synonymously barcoded viruses ( Figure 1C ). 72 We took care to generate stocks of virus that were relatively "pure" of defective particles. infectious particles than a stock propagated at high MOI by verifying that they had a higher ratio 81 of infectious particles to virion RNA ( Figure 2A ) and to particles capable of inducing expression of 82 a single viral protein ( Figure 2B ). In addition, viral stocks with many defective particles are more 83 immunostimulatory (Tapia et al., 2013; Lopez, 2014). We confirmed that our viral stocks induced 84 less interferon than a stock propagated at higher MOI ( Figure 2C ).
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Single cells show an extremely wide range of expression of viral mRNA. 86 We infected A549 cells at low MOI with a mixture of the wild-type and synonymously barcoded 87 viruses, and collected cells for sequencing at 6, 8, and 10 hours post- Uninfected  6hr  8hr  8hr−2  10hr   0  10000  20000  30000  40000  50000  0  10000  20000  30000  40000  50000  0  10000  20000  30000  40000  50000  0  10000  20000  30000  40000  50000  0  10000  20000  30000  40000  50000   0   5000   10000   15000   cellular mRNAs per cell  flu mRNAs cells in the original infection inoculum. We recovered between 3,000 and 4,000 cells for each 92 sample ( Figure 3A ). As expected for a low-MOI infection, most cells expressed little or no viral mRNA 93 ( Figure 3B ). Also as expected, the amount of viral mRNA per cell among infected cells increased over 94 time ( Figure 3B ). But what was most notable was how widely the number of viral mRNA molecules 95 varied among infected cells. While the fraction of mRNA derived from virus was <0.1% for most 96 cells, viral mRNA constituted half the transcriptome in a few cells at 8 and 10 hours ( Figure 3B ). 97 A complicating factor is that uninfected cells could have small amounts of viral mRNA due 98 to leakage of transcripts from lysed cells. It is therefore important to establish a threshold for 99 identifying truly infected cells. We can do this by taking advantage of the fact that roughly half the 100 infecting virions bear synonymous barcodes. Reads derived from lysed cells will be drawn from 101 both wild-type and synonymously barcoded viral transcripts. However, most cells are infected by at 102 most one virion, and so the reads from truly infected cells will usually derive almost entirely from 103 one of the two viral variants. Figure 4A amounts of viral mRNA have viral transcripts from both variants, reflecting co-infection. 110 We determined the threshold amount of viral mRNA per cell at which the barcode partitioning 111 clearly resulted from infection rather than leakage ( Figure 4C ), and used this threshold to annotate 112 cells that we were confident were truly infected. We also annotated as co-infected cells above this 113 threshold that had mRNA from both viral variants. Figure 4D shows the number of cells annotated 114 as infected and co-infected for each sample -these cells are just a small fraction of the number of 115 cells with any viral read. These annotation thresholds are conservative, and will miss some true 116 low-level infections, as well as any co-infections with the same viral variant. However, it is important 117 that the analyses below are restricted to cells that are truly infected with virus, so we accepted 118 the loss of some low-level infections in order to avoid false positives. Because most cells are not 119 infected, we subsampled the uninfected cells to the numbers shown in Figure 4D Figure 4 . Synonymous barcodes on the viral mRNAs distinguish true infections from cells that contain viral mRNAs derived from leakage of lysed cells. (A) Cells with at least two viral mRNAs for which the barcode could be called, arranged in order of increasing influenza transcript counts. Bar heights denote the number viral mRNAs on a log 10 scale, bar coloring is linearly proportional to the fractions of viral mRNAs derived from wild-type and synonymously barcoded virus. (B) Same as (A), but each bar is colored according to the relative fraction of the more common (major) and less common (minor) virus variant. At low levels of viral mRNA there is often a roughly equal mix, suggesting contamination with viral mRNAs leaked from lysed cells. At higher levels of viral mRNA, cells generally have only one viral variant, suggesting infection initiated by a single virion. A few cells are also obviously co-infected with both viral variants. (C) We determined a cutoff for calling "true" infections by finding the amount of viral mRNA per cell at which the viral barcode purity no longer increases with more viral mRNA. The purity is the fraction of all viral mRNA in a cell derived from the most abundant viral barcode in that cell. We fit a curve to the mean purity of all cells with more than the indicated amount of viral mRNA, and drew the cutoff at the point where this curve stopped increasing with the fraction of total mRNA derived from virus. See the Methods for details. (D) The number of cells identified as infected and co-infected for each sample, as well as the number of cells with any viral read. For all subsequent analyses, we subsampled the number of uninfected cells per sample to the greater of 50 or the number of infected cells. (E) Distribution of the fraction of mRNA per cell derived from virus for both infected and co-infected cells. (Figure 4 ), suggesting that the initial infectious dose is not the major driver 128 of cell-to-cell variation in our low-MOI infections.
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Absence of viral genes partially explains cell-to-cell variability in viral load. 130 The influenza genome is segmented, and cells can fail to express a viral mRNA if the encoding 131 gene segment is not packaged in the infecting virion or fails to initiate transcription after infection. 132 Indeed, several groups have reported that the majority of infected cells fail to express at least 155 We also quantified the fraction of infected cells that completely failed to express a given gene. We 156 limited this analysis to examining the presence / absence of the non-RNP genes in cells expressing 157 all four RNP genes, since we might fail to detect viral transcripts that are actually present at low 158 levels in RNP-deficient cells due to the lower viral burden in these cells. At the 8-and 10-hour time 159 points, between 5% and 17% of cells fail to express any one of the four non-RNP genes ( Figure 5C ). 160 The absence of a given gene appears to be an independent event, as the probability of observing 161 all four non-RNP genes in a cell is well predicted by simply multiplying the probabilities of observing 162 each gene individually ( Figure 5C ). If we extrapolate the frequencies at which cells lack non-RNP 163 genes to the RNP genes, then we would predict that 40-50% of infected cells express mRNAs from The relative amounts of different viral mRNAs are more consistent across cells. 170 The results above show that the amount of viral mRNA in infected cells varies over several orders 171 of magnitude. Does the relative expression of viral genes exhibit similar cell-to-cell variability? 172 To address this question, we focused on cells that derived >5% of their mRNA from virus, since 173 estimates of relative viral gene expression will be less noisy in cells with more viral mRNAs. 174 In contrast to the extreme variability in the total viral mRNA per cell, the fraction of this mRNA 175 derived from each gene is much more consistent across cells ( Figure 6A ). Total viral mRNA varies by 176 orders of magnitude, but the fraction from any given viral gene is fairly tightly clustered around the 177 median value for all cells ( Figure 6B ). The relative levels of each viral mRNA in our cells are similar 178 to prior bulk measurements made by Northern blots (Hatada et al., 1989) , which also found an The fraction of cells that express each of the four other genes among cells that express all RNP genes, as well as the fraction that express all four of the other genes. The fraction that express all four genes is well predicted by simply multiplying the frequencies of cells that express each gene individually, indicating that gene absence is approximately independent across these genes. Co-infection can provide infected cells with the full complement of viral genes. 189 Our sequencing enables us to identify the rare cells that were co-infected with both wild-type and 190 synonymously barcoded viral variants. Overall, we captured 10 such co-infected cells that had >5% 191 of their mRNA derived from virus ( Figure 7 ). Seven of these 10 cells expressed all eight viral genes. 192 Remarkably, the majority (4 of 7) of these cells would not have expressed all the viral genes in the 193 absence of co-infection, since they have at least one gene exclusively derived from each viral variant. 194 For instance, the cell with 11.2% of its mRNA from virus in the upper right of Figure 7 short -if both viral variants infect a cell at about the same time, then neither will have a headstart 202 and so each will have a roughly equal opportunity to transcribe its genes. 203 To support this idea with a larger dataset albeit at lower resolution, we generated a virus 204 in which the HA coding sequence was replaced by GFP. We then co-infected cells with a mix of 205 cell with 17.7% flu cell with 19.7% flu cell with 29.7% flu cell with 30.1% flu cell with 39.9% flu cell with 5.3% flu cell with 5.8% flu cell with 6.0% flu cell with 7.2% flu cell with 11.2% flu 1 10 1 10 2 10 3 1 10 1 10 2 10 3 1 10 1 10 2 10 3 1 10 1 10 2 10 3 1 10 1 10 2 10 3 Figure 8A ,B,D,E). 239 We posited that the paucity of interferon induction might be due to the activity of influenza 240 virus's major interferon antagonist, the NS1 protein (García -Sastre et al., 1998; Hale et al., 2008) . 241 We therefore identified cells that expressed substantial amounts of viral mRNA but lacked the 242 NS gene ( Figure 8F ). Consistent with the idea that NS1 is important for suppressing interferon, RPP38  ID3  CCND3   CENPF  TPM1  ITGA3  RHOD  C7orf49  FASN  MAP1B  H3F3B  MXD3  P4HB  MKI67  UBE2S  NOSIP  ENO1  PLAUR   AKR1C3  AKR1B10  GPX2  ALDH3A1 HIST1H4C Some host genes co-vary with viral gene expression. 250 We examined whether any host genes were differentially expressed in cells with more viral mRNA. 251 We restricted this analysis to infected cells with all eight viral genes in order to focus on cellular 252 genes that were associated with viral mRNA burden independent of effects due to the presence or 253 absence of particular viral transcripts. We identified 45 cellular genes that co-varied with viral gene 254 expression at a false discovery rate of 0.1 (Figure 9 ). 255 Many of the genes with increased expression in cells with more viral mRNA are known or 256 suspected to be regulated by the Nrf2 master regulator in response to oxidative stress. These genes (Lin et al., 2016; Sgarbanti et al., 2014) . Our data do not reveal whether the expression of genes involved in the response to oxidative stress are a cause or a symptom of higher levels of viral mRNA, 265 and further investigation of this topic is an interesting area for future work.
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Discussion 267 We have quantified the total transcriptome composition of single cells infected with influenza virus. 268 While we observe a general increase in the amount of viral mRNA over time as expected from 269 bulk measurements (Hatada et al., 1989; Shapiro et al., 1987) , there is wide variation in viral gene 270 expression among individual infected cells. 271 The most obvious form of heterogeneity is the complete failure of some infected cells to express 272 one or more viral genes, which we estimate occurs in about half the infected cells in our experiments. 273 The absence of some viral genes in some infected cells has been noted previously (Brooke et al., (Hatada et al., 1989) . 308 Therefore, despite the stochasticity inherent in initiating transcription and replication of each gene 309 from a single copy carried by the incoming virion, as long as a gene is not completely lost then the 310 virus possesses mechanisms to control its relative expression (Shapiro et al., 1987; Hatada et al.,   311   1989; Perez et al., 2010; Heldt et al., 2012; Chua et al., 2013) . 312 One factor that surprisingly does not appreciably contribute to the heterogeneity in our ex- , 2014; Avraham et al., 2015; Killip et al., 2017) . But interferon expression is a prominent 319 transcriptional signature of high-MOI influenza virus infection of bulk cells, including in the epithelial 320 cell line and at the time-points used in our experiments (Geiss et al., 2002; Sutejo et al., 2012) . So 321 it is notable how rarely single cells express interferon. Interferon expression would surely be more 322 common at later times or with a viral stock passaged at higher MOI, since paracrine interferon 323 signaling (Crotta et al., 2013) and accumulation of defective viral particles enhance innate-immune 324 detection (Tapia et al., 2013; Lopez, 2014) . However, the early events of physiological influenza 325 infection involve just a few virions (Varble et al., 2014; McCrone et al., 2017) , and so it is interesting 326 to speculate whether rare events such as interferon activation during the first few cycles of viral 327 replication could contribute to heterogeneity in the eventual outcome of infection. 328 Overall, our work shows the power and importance of charactering cellular infection at the level 329 of single cells (Avraham et al., 2015) . The dynamics of viral infection in any given cell is shaped .01, and let the virus replicate for 36 hours prior to harvesting aliquots that were again clarified by 361 low-speed centrifugation, aliquoted, stored at -80 • , and titered by TCID50. The high-MOI passage 362 (high-defective particle) stock used in Figure 2 was generated by instead passaging in MDCK-SIAT1 363 cells twice at an MOI of 1 for 48 hours. 364 For the experiments in Figure 7 -Figure supplement 1, we created a virus that carried an HA gene 365 segment in which GFP replaced most of the HA coding sequence, following a scheme first described 366 by Marsh et al. (2007) . Briefly, we created a plasmid encoding a viral RNA with GFP in place of the 367 HA coding sequence in the context of the pHH21 (Neumann et al., 1999) reverse-genetics plasmid, 368 removing potential start codons upstream of the GFP (see Figure 7 -source data 2 for the sequence 369 of the viral RNA). We then generated GFP-carrying virus by reverse-genetics in cells constitutively 370 expressing HA (Doud and Bloom, 2016) . To obtain sufficient titers, this HA-eGFP virus was expanded 371 for 44 rather than 36 hours after initiating infection at an MOI of 0.01. (Qiu et al., 2017; Trapnell et al., 2014) . A Jupyter notebook that performs these analyses is in 454 Supplementary file 1. For each sample, cell barcodes that had >2.5-fold fewer or more UMI counts 455 mapping to cellular transcripts than the sample mean were excluded from downstream analyses 456 (see red vertical lines in Figure 3B ). 457 In order to determine an appropriate cutoff for how many reads a cell needed to contain in 458 order to be classified as infected, we calculated the mean viral barcode purity across all cells that 459 contained at least a given fraction of viral mRNA and had multiple viral reads that could be assigned 460 a barcode ( Figure 4B,C) . We then determined the threshold fraction of viral mRNA at which the mean 461 purity no longer increased as a function of the amount of viral mRNA. This threshold represents 462 the point at which we have effectively eliminated cells that have low barcode purity simply due to 463 lysis-acquired reads sampled randomly from both viral barcodes. The 10-hour sample has the most 464 viral mRNA, and so is expected to have the most lysis-associated influenza reads. We therefore 465 determined the threshold using just this sample, and then applied this threshold to all samples. The 466 threshold is shown in Figure 4C . This procedure is expected to be conservative, and may miss some 467 truly infected cells with very low amounts of viral mRNA. For subsequent analyses, we retained 468 all infected cells and a subsample of uninfected cells (the greater of 50 or the number of infected 469 cells for that sample). The rationale for subsampling the uninfected cell is that the vast majority 470 of cells are uninfected, and we did not want these cells to completely dominate the downstream 471 analyses. Cells were classified as co-infected if both viral variants had an RNA level that exceeded 472 the threshold, and if the minor variant contributed at least 5% of the viral mRNA. 473 For the semi-supervised t-SNE clustering, we used Monocle's cell hierarchy function to bin cells 474 into those with no viral mRNA, <2% viral mRNA, between 2% and 20% viral mRNA, and >20%. Finally, we assigned all cells a ceiling fraction of mRNA from virus of 25% so that a few extremely 488 high-expressing cells did not dominate. Cellular genes with expression that co-varied with the 489 fraction of viral mRNAs in a cell were then determined using the Monocle differentialGeneTest, after 490 removing variance explained by sample to sample variation. Figure 9 shows all genes that were 491 significantly associated with the fraction of mRNA from virus at a false discovery rate of 0.1.
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